Post-translational modification of proteins by members of the small ubiquitin-related modifier (SUMO) protein family regulates diverse cellular processes, including transcription, replication, chromosome segregation and DNA repair 1, 2 . The SUMO proteins share structural similarities with ubiquitin, and their conjugation to substrates occurs through a related enzymatic cascade involving the sequential action of an E1 activating enzyme, an E2 conjugating enzyme and an E3 protein ligase 3, 4 . Substrate modification by sumoylation can alter protein-protein interactions, change protein intracellular localization or direct changes in the activities of the protein to which SUMO is attached.
Here, we discuss recently discovered mechanisms that control and regulate the process of SUMO conjugation in the cell. Whereas global levels of SUMO modification can be altered by affecting the activitie s of the single E1 and E2 enzymes of the SUMO pathwa y
, we focus on mechanisms that contribute to the regulation of SUMO conjugation with respect to extrinsic factors or substrate modifications that alter or influence specificity. This includes a discussion of the roles of SUMO consensus motifs and SUMO-interacting motifs (SIMs), as well as the roles of additional post-translational modifications, such as phosphorylation, ubiquitylation and acetylation, that alter or regulate the process of SUMO modification.
The SUMO pathway
The process of activating and attaching a SUMO to substrates results in the formation of an isopeptide bond between the carboxy-terminal carboxyl group of the SUMO and an ε-amino group of a substrate accepto r Lys residue [1] [2] [3] [4] . As with many other ubiquitin and ubiquitin-like proteins (Ubl proteins), all eukaryotic SUMO proteins are translated as immature precursors that must first be processed by a protease to generate the mature form. The mature form has a C-terminal diglycine motif that is required for efficient adenylation by a heterodimeric SUMO E1 enzyme (FIG. 1) . Once formed, the SUMO adenylate is attacked by a conserved Cys on the E1 enzyme to form an E1~SUMO thioester and then transferred to a conserved Cys on a SUMO E2 enzyme, thereby generating an E2~SUMO thioester. Although the SUMO E2 can directly interact with some SUMO substrates to transfer the SUMO to substrate acceptor Lys residues, E3 protein ligases often facilitate this process through two mechanisms. They can recruit the E2~SUMO thioester and substrate into a complex to promote specificity or, in the case of substrates that interact directly with the E2 enzyme, they can enhance conjugation by stimulating the ability of the E2 enzyme to discharge SUMO to substrates. Akin to dephosphorylation, which serves to restore the function of a protein before phosphorylation, SUMO conjugation is reversible through the activities of proteases, including
E2
An enzyme that forms a thioester bond with ubiquitin (Ub) and ubiquitin-like (Ubl) proteins (including SUMO) following transfer from an E1 enzyme. E2 enzymes are referred to as Ub or Ubl-conjugating enzymes because they can conjugate the Ub or Ubl protein directly to a substrate. However, E2 enzymes often require E3 ligases for proper function.
E3
Often referred to as a protein ligase, an E3 enzyme either facilitates the transfer of ubiquitin or ubiquitin-like proteins (including SUMO) from the E2-conjugating enzyme to a substrate or catalyses thioester bond transfer between the E2 and E3 Cys before substrate conjugation, as is the case for HECT E3s.
Ulps and SENPs
(Ubiquitin-like protein-specific proteases and sentrin-specific proteases). A family of Cys proteases that process SUMO to its mature form and deconjugate SUMO from modified substrates.
RanBP2
(Ran-binding protein 2). A component of the nuclear pore complex that possesses SUMO E3 protein ligase activity. A domain within RanBP2 interacts directly with SUMO-modified Ran GTPase-activating protein 1 (RanGAP1) in a stable complex with ubiquitin-like conjugating enzyme 9.
SP-RING
A domain present in the Siz and PIAS family of SUMO E3s that is structurally similar to the RING domains of ubiquitin E3 ligases, which coordinate two zinc ions and interact with E2~ubiquitin thioesters to facilitate ubiquitin transfer to a substrate. By contrast, SP-RING domains coordinate a single zinc ion and work in conjunction with the Siz/PIAS carboxy-terminal domain to activate the E2~SUMO thioester during conjugation.
Ubl-specific proteases and sentrin-specific proteases (Ulps and SENPs) (BOX 2) that deconjugate SUMO from substrates.
Yeast and invertebrates have a single SUMOencoding gene, whereas vertebrate genomes have at least four SUMO isoforms, SUMO1-4, each encoded by distinct genes. However, it remains unclear whether SUMO4 is processed or conjugated to cellular proteins 5, 6 . SUMO2 and SUMO3 are often referred to as SUMO2/3 because they share 97% identity and because antibodies cannot distinguish the two isoforms. by contrast, SUMO2/3 shares only ~50% sequence identity with SUMO1, a larger difference in sequence similarity than that between human ubiquitin and the Ubl protein NEDD8 (sequence similarity ~55%), which require distinct enzymes for activation and conjugation 3 . Consistent with differences observed at the primary sequence level, SUMO1 and SUMO2/3 are conjugated to distinct substrates in vivo and also differ in their ability to form SUMO chains. Chain formation is attributed to the observation that SUMO2/3, as well as SUMO proteins from Saccharomyces cerevisiae and Schizosaccharomyces pombe, possess Lys residues near their amino termini that serve as SUMO acceptor sites, a feature that is not readily apparent in SUMO1. The biological relevance of SUMO chains remains an active area of research, although SUMO chains have been implicated in several processes, which are discussed below.
Substrate specificity in the SUMO pathway has remained somewhat of an enigma because the pathway relies on a single E2 enzyme, ubiquitin-like conjugating enzyme 9 (UbC9), and only a few E3 ligases have been identified 3 . The use of a single E2 and a few E3 enzymes in the SUMO conjugation pathway is in stark contrast to the ubiquitin pathway, which uses tens of E2 enzymes in unique combinations with hundreds of E3 enzymes to regulate substrate selection. As discussed below, the SUMO E2 is unique among E2 enzymes in its abilit y to specifically recognize and conjugate SUMO to some substrates in the absence of an E3 ligase, whereas ubiquiti n-conjugating enzymes generally require an E3 ligase to impart substrate specificity 7 . However, SUMO conjugation is almost always enhanced in the presence of SUMO E3 ligases.
Known SUMO E3 enzymes include proteins that contain SIMs, as exemplified by the E3 ligase domain of ran-binding protein 2 (RanBP2) 8 , and a family of SP-RING-containing proteins, including the Siz and protein inhibitor of STAT (PIAS) proteins 9 . Members of the Siz/PIAS family of E3 ligases include Siz1, Siz2, methyl methanesulphonate-sensitivity protein 21 (Mms21) and molecular zipper protein 3 (Zip3) in yeast and PIAS1, PIAS3, PIASxα, PIASxβ and PIASy in humans. These ligases include an SP-rING domain and are thought to function in an analogous manner to ubiquitin rING E3 enzymes through the binding and colocalization of substrates and the E2~SUMO thioester, which brings them into close proximity to promote SUMO transfer (FIG. 1) . As noted above, the SUMO E3 ligase domain of ranbP2 is distinct from canonical rING-type or HECTtype E3 ligases. In this case, the E3 domain includes tandem elements that each possess E3 ligase activity 10 , and these domains include within them motifs that bind SUMO and the E2, as an E2~SUMO thioester, to stimulate the E2 enzyme to discharge SUMO 11 . As such, the E3 functions to coordinate the E2~SUMO thioester in an orientation that is optimal for catalysis and for productive E2-mediated substrate interactions (FIG. 1) . Interestingly, this E3 does not require direct interaction with the substrate, although the location of ranbP2 at the nuclear pore complex (NPC) could facilitate interactions with substrates that pass through the NPC. Several other proteins have been reported as E3 enzymes and include human polycomb 2 homologue (PC2), histone deacetylase 4 (HDAC4), topoisomerase I-binding rING finger protein (TOPOrS) and ras homologue enriched in striatum (rHES) [12] [13] [14] [15] , although the molecular details of how they promote SUMO modification remain less clear. Of the E3 ligases that have been characterized, some display substrate preferences whereas others display SUMO isofor m-specific conjugation of particular targets.
Box 1 | Control of global SUMO conjugation
The small ubiquitin-related modifier (SUMO) conjugation system can be regulated by altering the expression levels or activities of enzymes in the pathway. At the level of transcription, calcium-induced keratinocyte differentiation is associated with upregulated gene expression of SUMO genes and the SUMO pathway machinery 104 . An overall increase in SUMO conjugation activity has also been observed in response to various stimuli, including heat shock and high levels of both oxidative and ethanol stresses 105, 106 . Conversely, at lower concentrations of reactive oxygen species, the SUMO pathway is inhibited by the formation of a disulphide bridge between the catalytic Cys residues of the E1 activating enzyme and E2 conjugating enzyme 107 . Stability of the E1 and E2 enzymes can also tune the activities associated with the SUMO pathway. Chicken adenovirus GAM1 is reported to control E1 turnover by binding to the E1 enzyme and recruiting Cullin-RING ubiquitin ligases to target its subunits for degradation 108, 109 . GAM1 also decreases E2 enzyme levels, although the mechanism of this is not known 108 . Similarly, infection with Listeria monocytogenes is reported to cause proteasome-independent degradation of ubiquitin-like conjugating enzyme 9 (UBC9) and proteasome-dependent degradation of SUMO conjugates 110 .
Other binding partners and small molecules can exert effects on the SUMO conjugation machinery. Ginkgolic acid is reported to block E1~SUMO thioester formation 111 , whereas the protein RSUME was reported to enhance E2~SUMO thioester formation 112 . E2-binding proteins, including the RING finger protein MEL18 and two SUMO-like domaincontaining proteins -the yeast DNA repair protein Rad60 and the human nuclear factor-interacting protein NIP45 -may regulate SUMO modification by sequestering the conjugation machinery 57, 58, 113 . The E2 enzyme can also be modified by SUMO within its amino-terminal helix, which has been shown to alter E2 specificity to particular SUMO substrates The number of SUMO proteases rivals the number of E3 enzymes in any particular organism and they have a pivotal role in regulating the SUMO pathway. Although less clear, it is thought that substrate specificity of SUMO proteases is achieved because these enzymes exhibit distinct subcellular localizations and display specificities for some substrates as well as SUMO isoforms 16 
.
Consensus motifs for SUMO conjugation
Many SUMO-modified proteins identified contain an acceptor Lys within a ψKX(D/E) consensus motif, where ψ is a large hydrophobic residue 17 . These residues directly interact with the SUMO E2 UbC9 (FIG. 2) and thus have a critical role in regulating the stability of interactions between the E2 enzyme and the substrate 18 . Structures of complexes between UbC9 and substrates containing SUMO consensus motifs demonstrate that the consensus motif adopts an extended conformation, wherein the acceptor Lys fits into a hydrophobic groove on UbC9, and electrostatic and hydrogen bonding interactions between UbC9 and substrate residues that flank the Lys residue facilitate recognition of the consensus motif 19, 20 . It is also worth noting that residues on the E2 surface not only position the Lys within the E2 active site but suppress the Lys pK a to increase the rate of catalysis 21 . because the SUMO consensus motif adopts an extended conformation for productive interactions with the E2 enzyme, the context of this motif within the substrate is a crucial determinant that regulates its ability to be modified by SUMO. Consistent with this, most validated SUMO consensus sites occur in extended loops or intrinsically disordered regions of the substrate outside of its globular fold.
In addition to canonical four amino acid SUMO consensus motifs, longer sequences that include both SUMO consensus motifs and additional elements have been identified in some SUMO substrates. These include phosphorylation-dependent SUMO motifs (PDSMs) and negatively charged amino aciddependen t SUMO motifs (NDSMs) (FIG. 2a) . PDSMs occur in proteins that are substrates for modification by Pro-directed kinases 22 and comprise a SUMO consensus motif located adjacent to a phosphorylation site, ψKX(D/E)XXSP. In all known cases, phosphorylation increases levels of SUMO conjugation both in vitro and in vivo. This effect was first noted in studies of heat shock factors, in which stress induces phosphorylation and results in increased levels of SUMO modification on the PDSM Lys residue 23 . This mechanism is also used by transcription factors, such as peroxisome proliferator-activated receptor γ (PPArγ) and myocyte-specific enhancer factor 2A (MEF2A) 24, 25 . In these instances, phosphorylation-dependent SUMO conjugation converts these transcription factors from activators to repressors, which highlights a crucial role for PDSMs and SUMO in signal transduction. SUMO conjugation is enhanced by phosphorylated PDSMs because the phosphorylated Ser side chain interacts with a basic patch on the E2 surface, extending interactions with the E2 enzyme beyond recognition of the SUMO consensus motif 26 (FIG. 2b ). This mechanism is probably shared with proteins that contain NDSMs, which comprise negatively charged residues that are C-terminal to the SUMO consensus site in the place of the phosphorylation site of PDSMs, although NDSMs undergoes processing by ubiquitin-like protein-specific proteases (Ulps) and sentrin-specific proteases (SENPs) to its mature form (step 1), revealing a carboxyterminal Gly-Gly motif. SUMO is then adenylated by the SUMO-activating enzyme subunit 1 (SAE1)-ubiquitin-like activating enzyme subunit 2 (UBA2) E1 complex in an ATP·Mg 2+ -dependent reaction and transferred to the catalytic Cys of the UBA2 subunit (step 2). Following activation, SUMO is transferred to the catalytic Cys of the E2 conjugating enzyme, ubiquitin-like conjugating enzyme 9 (UBC9) (step 3). It can then catalyse conjugation to a substrate in an E3 ligase-independent manner through recognition of SUMO consensus motifs (ΨKXE) that contain a Lys acceptor residue (step 4). In addition, SUMO ligases can facilitate SUMO transfer through distinct mechanisms. The E3 ligase may coordinate the E2~SUMO thioester in an optimal conformation for catalysis without directly contacting the substrate, as is the case for Ran-binding protein 2 (RanBP2) 11 (step 5). The Siz and PIAS (protein inhibitor of activated STAT) E3 ligases contact the E2 and SUMO through their SP-RING and Siz/PIAS carboxy-terminal domain (SP-CTD) domains, respectively (step 6). In both steps 5 and 6, substrate specificity is derived from the E2 enzyme. The Siz/PIAS family proteins also contain a PINIT domain that can contact the substrate, as is the case for the substrate proliferating cell nuclear antigen (PCNA) 65, 68 (step 7). Substrate specificity imparted by E3-substrate interactions are thought to be particularly important for directing conjugation to non-consensus Lys residues. Substrates modified by SUMO can contact SUMO-binding proteins through their SUMO-interacting motifs (SIMs) (step 8). Deconjugation is performed by Ulp and SENP proteases and free SUMO may be recycled for another round of conjugation (step 9). may interact with a different subset of Lys residues on the UbC9 surface 26, 27 . As noted above, consensus motifs come in many flavours and do not necessarily adhere to strict sequence or geometric requirements. For instance, a Lys residue that is readily modified by SUMO exists in an α-helix in both mammalian E2-25K (a ubiquitin E2) and UbC9 enzymes 28, 29 . Although it remains unclear how the SUMO E2 binds to E2-25K before conjugation, one possibility is that the substrate presents the Lys in the context of a three-dimensional epitope that mimics a canonical SUMO motif. In addition to interactions with the substrate, it is known that the SUMO E2 and SUMO can form a complex through non-covalent interactions that are distant from the E2 active site [30] [31] [32] . This observation is perhaps analogous to non-covalent interactions between ubiquitin and E2 enzymes that are observed in the ubiquitin pathway 33 , suggesting that the presence of SUMO on a substrate could influence subsequent interactions with E2~SUMO thioester complexes, for instance during SUMO chain formation.
Siz/PIAS family
In most studies, SUMO consensus motifs adopt similar polarity in their interactions with the E2 enzyme. However, recent studies have uncovered new motifs for SUMO conjugation, including inverted consensus motifs and motifs with an N-terminal hydrophobic cluster 34 (FIG. 2a) , highlighting the need for further investigation into the full diversity of SUMO modification sites. These alternative motifs, which include the acceptor Lys, probably impart further specificity to E2-substrate inter actions through direct interaction with the E2.
Regulation by SIMs
Whereas SUMO consensus motifs mediate interactions between the E2 and substrate, SIMs mediate non-covalent interactions between SUMO and SIM-containing proteins 35 . Initially identified through two-hybrid screening and biophysical studies [36] [37] [38] , SIMs are generally characterized by a short stretch of hydrophobic amino acids, (v/I)X(v/I)(v/I), which are flanked by acidic residues (FIG. 2c) . When in complex with SUMO, the SIM adopts a parallel or antiparallel β-strand conformation that extends the SUMO β-sheet to allow the hydrophobic side chains of the SIM to interact with a hydrophobic pocket on the SUMO surface 11, 39 (FIG. 2d) .
Although poorly characterized, the position of acidic residues that border the SIM probably determine the polarity of SIM-SUMO interactions through salt bridging or hydrogen bonding interactions with conserved basic residues on the SUMO surface. SIMs have been uncovered in a wide range of proteins, including SUMO enzymes, SUMO substrates, SUMO-binding proteins and SUMO-targeted ubiquitin ligases 35, 40 . This section discusses how SIMs contribute to function in each of these protein classes.
SIMs in SUMO substrates and SUMO-binding proteins.
SIMs can mediate SUMO modification of a number of substrates, resulting in changes in their activity and/or localization. This process is exemplified by the base excision repair enzyme thymine DNA glycosylase (TDG), promyelocytic leukaemia protein (PML) and the transcription factor DAXX, and has been reviewed previously 2, 35, 41 . Although the SIMs in these proteins do not display specificity for a particular SUMO isoform, this is not always the case 42, 43 . Ubiquitin-specific protease 25 (USP25) contains a SIM that contributes to preferential modification of this protein by SUMO2/3 (REF. 44 ) (FIG. 3a) . Although this SIM is required for efficient modification by SUMO2/3, its location within USP25 does not seem to be important for this function. SUMO2/3 specificity has also been reported for extended SIMs that are present in the transcriptional regulators MCAF1 and COrEST1, although these proteins do not seem to be substrates for SUMO modification 45, 46 . The basic architecture of the SIM motif has been characterized in complexes with SUMO, but the molecular determinants that underlie the ability of the SIM to recognize a particular SUMO isoform await further characterization.
In addition to canonical SIMs, a subclass of SIMs contain Ser residues that are proximal to the SIM and that are also sites of phosphorylation (FIGS 2c,3b). PhosphoSIMs have been characterized in PML, EXO9 and in PIAS proteins 47 . In these cases, Ser residues C-terminal to the SIM are phosphorylated by casein kinase 2 (CK2), a ubiquitously expressed, constitutively active kinase that functions in multiple cellular pathways, including that of the transcription factor nuclear factor-κb (NF-κb) and Wnt signalling 48 . Phosphorylation by CK2 enhances noncovalent interactions with SUMO through contacts with multiple Lys residues on the SUMO surface 47 . The presence of Ser residues adjacent to SIMs has also been observed for homeodomain-interacting protein kinases and
Box 2 | Proteases
The family of proteases that catalyse small ubiquitin-related modifier (SUMO) processing and deconjugation includes two ubiquitin-like protein-specific proteases in yeast (Ulp1 and Ulp2) and six sentrin-specific proteases (SENPs) in humans (SENP1-3 and SENP5-7). Family members differ in their subcellular localization and can undergo changes in localization in a cell cycle dependent manner. For example, Ulp1 is localized to the nuclear periphery throughout interphase through tethering to nuclear pore complexes by karyopherins, but it enters the nucleoplasm during mitosis 114, 115 . By contrast, Ulp2 is localized to the nucleus by multiple nuclear localization signals and remains there throughout the cell cycle 116 . As with Ulp1, SENP2 is localized to the nuclear pore complex 117 , whereas SENP1, SENP6 and SENP7 are present in the nucleoplasm [118] [119] [120] and SENP3 and SENP5 are observed in the nucleolus 121, 122 . SUMO proteases also differ with respect to SUMO isoform or SUMO chain specificity. In yeast, Ulp1 is the major SUMO protease and is required for cell cycle progression 123 , whereas Ulp2 is responsible for deconjugation of SUMO chains 124 . Both SENP1 and SENP2 have been reported to deconjugate all SUMO isoforms equally well, but SENP1 displays a slight preference for processing SUMO1 (REF. 125 ), whereas SENP2 displays a slight preference for SUMO2 (REFS 126, 127) . In addition, SENP3 and SENP5-7 have all been shown to preferentially deconjugate SUMO2-and SUMO3-modified proteins and SUMO chains 119, 122, 128 . The levels of SUMO proteases change in response to a number of stimuli. SENP1 undergoes transcriptional upregulation in prostate cancer 129 and forms reversible crosslinks that inhibit its activity under conditions of oxidative stress 130 . Conversely, increased levels of reactive oxygen species stabilize SENP3, whereas phosphorylation mediated by the ADP-ribosylation factor GTP-binding protein (ARF) tumour suppressor can decrease SENP3 levels through the ubiquitin-proteasome pathway 131, 132 . SENP2 has also been reported to undergo proteasome-mediated degradation 133 . In addition to regulating SUMO levels by protease turnover, phosphorylation can impair protease function, as Ulp2 is inhibited during mitosis by Cdc5-dependent phosphorylation 
RanGAP1
(Ran GTPase-activating protein 1). A Ran GTPaseactivating protein and the first SUMO substrate identified. The carboxy-terminal domain of RanGAP1 is both necessary and sufficient for modification by SUMO. This domain includes a SUMO consensus motif and additional elements that interact directly with the E2 enzyme.
the ubiquitin-like activating enzyme sub unit 2 (UbA2) subunit of the human SUMO E1 (REF. 36 ). However, it remains unclear whether phosphorylation of these or other substrates is required to enhance interactions with a SUMO protein.
SUMO-targeted ubiquitin ligases. SUMO-targeted ubiquitin ligases use SIMs to interact with SUMO-modified proteins and proteins that contain SUMO-like domains (SLDs), which are structurally related to SUMO despite low sequence similarity. First characterized in yeast, the heterodimeric SUMO-targeted ubiquitin ligases Slx8-rING finger protein (rfp) in S. pombe and Slx5-Slx8 in S. cerevisiae are important for the maintenance of global levels of SUMO conjugates in the cell [49] [50] [51] [52] . In fission yeast, Slx8 is a rING finger ubiquitin ligase, whereas rfp1 and rfp2 contain tandem SIMs that mediate SUMO binding and a rING-like domain that is important for inter action with Slx8. The budding yeast homologue Slx5-Slx8 maintains this heterodimeric architecture 51 , although higher eukaryotes encode a single protein (rING finger protein 4 (rNF4) in humans) that contains both SIMs and a functional rING domain 49, 50 . It seems likely that rNF4 functions as a dimer, based on what is known about Slx8-rfp, Slx5-Slx8 and other heterodimeric rING E3 ligases.
The presence of multiple SIMs in these ubiquitin ligases is noteworthy because tandem SIMs could recognize two or more SUMO molecules in a SUMO chain [53] [54] [55] (FIG. 3c) . Consistent with this hypothesis, the first SUMOtargeted ubiquitin ligase-interacting proteins to be identified included the yeast DNA repair protein rad60 and the human nuclear factor-interacting protein NIP45, proteins that contain tandem SLDs 56 (FIG. 3d) . SLDs have been reported to interact directly with components of the SUMO conjugation machinery, including mouse UbC9 and Uba2, Ubc9 and the E3 SUMO ligase Pli1 in S. pombe 57, 58 . It remains unclear whether interactions between SLDs and SUMO-targeted ubiquitin ligases depend on SIMs 49,57,58 and SLD-containing proteins have not been verified as in vivo targets of these ubiquitin ligases. However, rad60 is an in vitro substrate for Slx8-rfp1 (REF. 49 ). In vivo targets of SUMO-targeted ubiquitin ligases include SUMO-conjugated forms of human PML 54, 55 , hypoxia-inducible factor 2α (HIF2α) 59 and budding yeast modifier of transcription 1 (Mot1) 60 , although other recent data suggest that these ligases can recognize and ubiquitylate target proteins in a manner that is dependent on their SIMs but independent of substrate modification by SUMO 61 . SIMs in the SUMO conjugation apparatus. SIMs have been identified in SUMO conjugation enzymes, including the SUMO E1 and several SUMO E3 ligases. Two distinct SIMs have been characterized within the C-terminal extension of the SUMO E1 UbA2 subunit, one at the C terminus that was recently characterized by crystallography 62 and one within the body of the C-terminal extension that was characterized by NMr 37 . Although E1 SIM-SUMO interactions share similarities with respect to other SUMO-SIM complexes 62 , the functional significance of the E1 SIMs remain unclear because the entire C-terminal extension is dispensable for human E1 activity in vitro and for function of the S. cerevisiae E1 in vivo 63 . SIMs are commonly observed in SUMO E3 enzymes. Two SIMs exist in the E3 ligase domain of ranbP2, commonly termed Ir1 and Ir2. Although different functions have been attributed to these SIMs 64 , it remains unclear whether both are required for E3 activity. In the one case in which an atomic structure is known, the Ir1 SIM mediates non-covalent interactions with SUMO1 (FIG. 2c,d ) in a complex that contains SUMO1-modified ran GTPase-activating protein 1 (RanGAP1) and the SUMO E2 UbC9 (REF. 11). Importantly, deletion of the SIM resulted in decreased E3 ligase activity on other SUMO substrates, suggesting that non-covalent interactions are important not only for interactions with SUMO-conjugated ranGAP1 but also for interactions with a charged E2~SUMO thioester complex during the conjugation of other substrates 11 . 2GRN) . A model for the PDSM motif shown in stick representation was constructed by combining the RanGAP1 consensus motif with a phosphorylated peptide obtained from a complex between PIN1 and a phosphorylated RNA polymerase II carboxy-terminal domain peptide (PDB code 1F8A). The phosphorylated serine of the PDSM interacts with a basic patch on the surface of UBC9. Lys residues on UBC9 that are important for phosphate recognition are labelled. c | Sequence alignment of selected SUMO-interacting motifs (SIMs). Residues of the hydrophobic core sequence are highlighted in blue. Acidic residues and phosphorylated Ser residues are marked in pink and green, respectively. d | Electrostatic surface representation of human SUMO1 bound to a stick representation of the SIM of Ran-binding protein 2 internal repeat 1 (RanBP2 IR1; PDB code 1Z5S). SUMO1 and the Lys and Arg residues thought to be important for contacting phospho-SIMs and acidic residue flanking SIMs are labelled. Positive, apolar and acidic electrostatic potential on UBC9 and SUMO1 surfaces is indicated as blue, white and red, respectively. Molecular graphic representations of the structure were generated using PyMOL. PIAS, protein inhibitor of STAT; PML, promyelocytic leukaemia protein; TDG, thymine DNA glycosylase; USP25, ubiquitin-specific protease 25. 
PINIT domain
A domain in the Siz/PIAS E3 ligase family, named after a conserved five amino acid PINIT motif. The PINIT domain is located amino-terminal to the SP-RING and Siz/PIAS carboxy-terminal domain and is thought to be a substrate-binding domain.
Members of the Siz/PIAS E3 family also contain SIMs in their C-terminal domains. In Siz1 this motif is not required for E3 activity, although its presence elicits a slight enhancement of SUMO modification of both consensus and non-consensus Lys residues 65 . For PIAS1, non-covalent interactions with SUMO occur through a C-terminal phospho-SIM that is phosphorylated by CK2 (FIG. 3b) 
47
. Phosphorylation of Ser residues in the phospho-SIM presumably functions as a switch that allows the E3 enzyme to interact with SUMO, although it remains unclear whether this interaction is important for E3 ligase activity or for localization of the E3 to discrete foci through interactions with other SUMO-conjugated proteins. recent work has also uncovered two SIMs in PC2 that are thought to contribute to SUMO binding and E3 activity in vivo 66, 67 . As discussed above for other SIMs, PC2 and Siz/PIAS E3 SIMs are flanked by acidic residues that probably assist in stabilizing electrostatic inter actions with basic residues on the SUMO surface.
Regulation of E3 ligase activity
Some SUMO substrates interact specifically with the E2 enzyme in reactions that can be enhanced by the activity of E3 ligases. However, other substrates require specific E3 enzymes for SUMO modification that can also contribute to SUMO isoform selection in higher eukaryotes and to the spatial and temporal regulation of SUMO modification. This section addresses the general activities of ligases that contribute to SUMO modification, as well as those that impart substrate or SUMO isoform specificity.
Activities of SUMO ligases. In the absence of an E3 ligase, substrate specificity can be derived through E2-substrate interactions and, in some cases, interactions between the E2~SUMO thioester and SIMs. This is conceptually analogous to ligase-independent ubiquitin conjugation, which can occur on substrates that contain ubiquitinbinding domains 7 . SUMO E3 ligases are thought to catalyse SUMO transfer through two mechanisms. First, E3 enzymes can bind to the E2~SUMO thioester to coordinate it into a productive orientation for catalysis, thereby enhancing SUMO conjugation by promoting E2-dependent substrate interactions in reactions that do not require the E3 enzyme to directly interact with the substrate (FIG. 1) . Second, the E3 enzyme may directly interact with the substrate, thereby recruiting the E2~SUMO thioester and substrate into a complex to facilitate conjugation. For members of the Siz/PIAS ligase family, the PINIT domain has been shown in some cases to be important for substrate binding 65, 68 , indicating that specificity is derived through a combination of substrate interactions with the E2~SUMO thioester and the E3 enzyme (FIG. 1) .
Control of ligase activity and localization.
Spatial and temporal regulation of the E3 enzyme controls the SUMO modification of some substrates. In yeast, cell cycle dependent localization of Siz1 controls the extent of SUMO modification of septins 69 . In this case, the nuclear transport receptor karyopherins mediate nuclear localization of Siz1 during interphase and transport it to the cytoplasm at the onset of mitosis, where it accumulates at septin rings formed during cell division at the bud neck of budding yeast 69 . Along with cell cycle dependent regulation of E3 enzymes, other post-translational modifications can alter E3 activity. For example, homeodomain-interacting protein kinase 2 (HIPK2), a Pro-directed kinase and SUMO substrate, phosphorylates PC2, thereby enhancing the E3 activity of PC2 towards HIPK2 (REF. 70 ). Notably, this phosphoryl ation occurs within a PDSM-like site, vKPETP, in which the Lys residue is modified by SUMO and the Thr residue is phosphorylated, although this region of the protein does not appear to be required for E2 binding 71 . Conversely, phosphorylation of TOPOrS, which is reported to be both a SUMO and ubiquitin ligase, elicits an inhibitory effect on SUMO modification. Whereas phosphorylation of TOPOrS by PLK1 is required for its ubiquitin E3 activity on the tumour suppressor p53, phosphorylation decreases its SUMO E3 activity towards the same substrate 72 . It is unclear whether these examples illustrate a general mechanism of phosphorylation-mediated tunin g of SUMO E3 ligase activity. Automodification by SUMO has also been reported to alter SUMO E3 ligase activity. In the case of PIASy, SUMO modification of this E3 enhances its activity towards the transcription factor TCF4 in vivo, although the increase in activity may be indirect because automodification also causes changes in PIASy localization 73 . Although it is unclear whether automodification represents a general mechanism to regulate SUMO E3 ligases, it is attractive to consider because E3 automodification is a common theme for the regulation of E3 enzymes in the ubiquitin pathway 74 . In another example, ubiquitin E3 enzymes, such as human SIAH2 and TrIM32, have been shown to mediate the proteasomal degradation of PIAS proteins. Whereas SIAH2-mediated degradation seems to occur under normal cellular conditions 75 , TrIM32 facilitates the degradation of PIAS proteins in response to nitro sative stress. For example, S-nitrosylation of PIAS3 increases its affinity for TrIM32 and thereby promotes PIAS3 ubiquitylation 76 . Just as ubiquitin ligases have been shown to regulate SUMO E3 enzymes, the reverse is also true. In response to genotoxic stress, PIAS1 and PIAS4 localize to sites of DNA damage along with other components of the DNA damage response, such as the breast cancer type 1 susceptibility protein (brCA1)-brCA-associated rING domain protein 1 (bArD1) ubiquitin ligase complex 77, 78 . In this case, PIAS proteins are predicted to facilitate SUMO modification of brCA1, increasing its ubiquitin E3 ligase activity 77, 78 .
Substrate and SUMO isoform specificity of E3 ligases.
The presence of SUMO E3 ligases contributes to the global levels of SUMO conjugates in the cell, but it is also clear that some E3s exhibit substrate specificity. In budding yeast, the two main E3 enzymes, Siz1 and Siz2, contribute to global levels of SUMO conjugates and in many instances share overlapping substrate specificity 68 . This overlap is probably due, in part, to the local concentrations of the E3 enzymes in the cell and their ability to stimulate SUMO transfer in reactions in which specificity is primarily dictated by substrate interactions with the E2 rather than the E3. However, some E3 ligases do exhibit specificity, and they are sometimes required for SUMO modification of substrates, including cases in which modification occurs on non-consensus site Lys acceptors.
An example of both types of E3 activity is illustrated by SUMO modification of proliferating cell nuclear antigen (PCNA), the processivity factor for eukaryotic DNA polymerases, in budding yeast. PCNA is modified in vitro and in vivo on two Lys residues, Lys127 and Lys164 (REFS 79, 80) . Lys127 occurs within a canonical SUMO consensus motif and, although its modification is stimulated by Siz1, it can also be modified by Siz2 in the absence of Siz1. Siz2 is the primary E3 ligase for Lys127 modification in vivo 81 . Conversely, Lys164 is only modified in the presence of Siz1. In this case, specificity is dependent on the Siz1 PINIT domain, which is presumed to interact directly with a loop on PCNA to position Lys164 near the E2~SUMO thioester 65, 68 . Although the mechanisms underlying substrate specificity for specific E3-substrate interactions are less clear, other examples do exist.
MEF2A is SUMO-modified by PIASx, but not in the presence of other PIAS proteins 82 , and DNA topoisomerase IIα is SUMO-modified in the presence of ranbP2 but not PIASy 83 . These examples illustrate some specific E3-substrate pairings. However, the choice of which SUMO isoform to use during modification adds another layer of complexity to E3-imparted specificity. For instance, some E3 enzymes have been shown to modify particular substrates with a certain SUMO isoform -for example, PIASy conjugates SUMO1, not SUMO2/3, to NF-κb essential modulator (NEMO) 84 and ranbP2 stabilizes SUMO modified ranGAP1 at the NPC, but only when it is modified with SUMO1 (REFS 85, 86) . Despite the fact that ranGAP1 was the first SUMO substrate to be identified, the mechanism underlying its SUMO1-specific modification remained unclear until recently. ranGAP1 can be modified equally well by both SUMO1 and SUMO2 in vitro 87 . However, in vivo, SUMO2/3-modified ranGAP1 is readily deconjugated by SUMO proteases, leading to low steady state levels of ranGAP1-SUMO2/3. Protection of ranGAP1-SUMO1 is mediated by the formation of a stable complex between ranGAP1-SUMO1, UbC9 and ranbP2 and it is thought that this complex is less stable with ranGAP1-SUMO2 owing to the lower affinity of ranbP2 for the SUMO2 isoform.
This principle, namely that substrate-SUMO conjugates are protected from proteases when modified with a particular SUMO isoform, may underlie SUMO isoform selection under steady state conditions as exhibited by other substrates.
Regulation by substrate phosphorylation Phosphorylation contributes to diverse outcomes in the SUMO pathway. The consequences of phosphorylating SUMO enzymes, phospho-SIMs and extended PDSMs have been discussed above. This section focuses on substrate phosphorylation and its role in mediating SUMO conjugation.
Positive regulation of substrate modification. Substrate phosphorylation has been shown to enhance SUMO modification for several SUMO substrates and phosphorylation-dependent SUMO conjugation motifs are a key example of this (see above). Phosphorylation of substrates adjacent to canonical SUMO consensus motifs can also have a positive effect on SUMO conjugation. In response to genotoxic stress, phosphorylation of PML by an extracellular signal-regulated kinase (ErK1 or ErK2) or HIPK2 enhances its SUMO modification [88] [89] [90] . Similarly, in response to retinoic acid, phosphorylation of the nuclear receptor Tr2 by ErK2 leads to its SUMOmodification and association with PML bodies 91 . In both cases, phosphorylation does not occur within canonical PDSMs or phospho-SIMs. For human PML, phosphorylation by HIPK2 occurs on residues 8, 36 and 38 (REF. 89 ), but it is SUMO-modified on a non-consensus Lys at position 65 in addition to two SUMO consensus motifs at Lys160 and Lys490 (REF. 92 ). For mouse Tr2, phosphorylation occurs on residues 203, 208 and 210, but only Thr210 phosphorylation enhances SUMO conjugation. 
Lys
In this case, the site of modification by SUMO in Tr2 is not known but it is clear that phosphorylation sites are not immediately adjacent to any Lys residues. based on these observations, it would appear that phosphorylation might lead to differential localization or conformational changes that expose the SUMO modification site to the SUMO conjugation apparatus.
Negative regulation of substrate modification. Phosphorylation of NF-κb inhibitor α (Iκbα) and the transcriptional regulators JUN, FOS and p53 has been reported to inhibit their modification by SUMO, thereby stimulating transcriptional activity [93] [94] [95] [96] (FIG. 4a) . In addition, phosphorylation of the human cytomegalovirus kinase IE72 inhibits its ability to be SUMO conjugated 97 . Phosphorylation also results in decreased sumoylation of SATb1, a DNA-binding protein that is involved in chromatin remodelling 98 . In this case, phosphorylation was shown to inhibit interactions between SATb1 and PIAS proteins, thereby preventing PIAS-mediated SUMO modification. SUMO-conjugated SATb1 is shuttled to PML bodies, where it undergoes caspase-mediated cleavage, so phosphorylation functions as a switch to control these downstream events 98 .
Alternative Lys modifications
Although SUMO conjugation, ubiquitylation and acetylation are distinct Lys modifications that can occur within any single substrate, these modifications have been observed on the same Lys residue in some substrates. For example, Iκbα can be modified by ubiquitin and SUMO on the same Lys residue 93 . In this case, SUMO modification was shown to inhibit phosphorylation-induced ubiquitylation and subsequent proteasomal degradation of Iκbα (FIG. 4a) . PCNA provides another example of ubiquitin and SUMO modifications occurring on the same Lys residue 79 (FIG. 5) . In yeast, SUMO modification of PCNA at Lys164 and Lys127 during S phase recruits the anti-recombinogenic ATP-dependent DNA helicase Srs2 in a manner that is dependent on a SIM located at its C terminus 99 . The additional interaction with SUMO presumably increases the abundance of Srs2 at the replication fork to prevent unwanted recombination through disruption of rad51 filaments. For PCNA, ubiquitylation on Lys164 does not result in proteasomal degradation, but rather initiates post-replication repair 100 . While monoubiquitylated PCNA participates in the recruitment of translesion DNA polymerases to promote error-prone repair, Lys63-linked polyubiquitylation promotes error-free repair, which may occur through the formation of sister chromatid junctions that are resolved by complexes of the ATP-dependent helicase Sgs1, DNA topoisomerase 3 (Top3) and recQ-mediated genome instability protein 1 (rmi1) 101, 102 . Unlike Iκbα, SUMO and ubiquitin could coexist on yeast PCNA because it is a trimer of three identical subunits.
Switches between SUMO-modification and acetylation have been reported. These competing modifications control signalling pathways in the cell. PDSM-mediated SUMO modification of MEF2A inhibits the transcriptional activity of MEF2A (see above , FIG. 4b ) and, as a result, promotes synapse maturation in neurons 25, 82 . MEF2A can also be acetylated on the same Lys that is targeted for SUMO modification and acetylation of MEF2A is associated with an increase in MEF2A transcriptional activity 25 (FIG. 4b) .
In this pathway, calcium signalling results in dephosphorylation of MEF2A by calcineurin, thereby inhibiting its SUMO modification through the PDSM-dependent mechanism. Likewise, calcium/calmodulin-dependent kinases phosphorylate histone deacetylases, resulting in their nuclear export to promote MEF2A acetylation. Hence, calcium signalling orchestrates a SUMO to acetyl switch that regulates transcription of MEF2A target genes. A similar SUMO to acetyl switch has been described for the protein HIC1 (REF. 103 ).
Conclusions
The SUMO conjugation pathway contributes to the regulation of a wide variety of cellular processes and further roles for SUMO are likely to be revealed. Although the basic mechanisms underlying E2-mediated SUMO conjugation of SUMO consensus sites are well defined, details regarding substrate selection in most other cases remain less clear, especially when it involves SUMO modification of Lys residues that differ from canonical SUMO consensus sites. It seems that Siz/PIAS E3 ligases participate in this process 65 , but questions remain with respect to how they bind and target specific substrates. Furthermore, although ranbP2 does not require direct interactions with the substrate to promote its E3 ligase activity 11 , this E3 ligase activity is localized to the NPC, suggesting that specificity could be achieved by other components of the NPC. Also, some SIMs display specificity toward a particular SUMO isoform 44 , but the preferences are often slight and the molecular basis for SUMO isoform specificity has not been determined.
As such, it remains key for the community to continue work to identify and clarify the mechanisms that underli e substrate specificity and SUMO isoform selection.
Proteins with SLDs have now been shown to bind SIMs and components of the SUMO conjugation machinery 57 . Although some inhibit SUMO chain formation through E2 binding 58 , it seems likely that other mechanisms exist to control the levels of SUMO conjugates in cells. As such, it will be important to determine whether the levels or activities of these proteins are regulated in response to stimuli, thereby altering cellular processes through global or local changes in SUMO modification.
Phosphorylation is a well established post-translational modification that is used to regulate signal transduction and it is now emerging as a regulatory mechanism to control SUMO modification of transcription factors. However, it remains unclear whether phosphorylation serves a broader purpose in the regulation of SUMO modification of other protein classes with differing cellular functions. Given the increasing recognition of SUMO as an important player in eukaryotic biology, illuminating the mechanisms that underlie the regulation of the SUMO conjugation cascade should have profound consequences on our understanding of the SUMO pathway and its effects on a host of cellular processes. Post-translational modification of the processivity factor for eukaryotic DNA polymerases, proliferating cell nuclear antigen (PCNA), by ubiquitin-like modifiers results in the recruitment of specific proteins that otherwise display weak interactions with PCNA. In response to DNA damage, monoubiquitylation of PCNA by the yeast E2 conjugating enzyme Rad6 and the E3 ligase Rad18 recruits translesion polymerases and results in error-prone damage bypass. After monoubiquitylation, polyubiquitylation of PCNA by an E2 complexcomprising ubiquitin-conjugating enzyme 13 (Ubc13) and the ubiquitin-conjugating enzyme variant Mms2 -and the ubiquitin E3 ligase Rad5 results in error-free repair, although the specific factors recruited are not clear. PCNA is also modified by small ubiquitin-related modifier (SUMO) on Lys164 during S phase by the E2 enzyme ubiquitin-like conjugating enzyme 9 (Ubc9) and the SUMO E3 ligase Siz1, and on Lys127 by Ubc9, Siz1 and Siz2. This results in recruitment of the ATP-dependent DNA helicase Srs2 to inhibit recombination during replication.
